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INTRODUCTION Background
The Appalachian Plateau of southwestern Virginia is a major coal-producing area. According to the Virginia Division of Mineral Resources (VDMR), approximately 41 million short tons were mined in 1980 and 9,900 million short tons remain in place (table 1).
The presence of coal and its associated mineralogy can degrade ground-water quality. Further degradation may occur as a result of mining activities that increase rock surface area and expose fresh strata to the actions of oxygen, water, and bacteria. This deterioration of water quality is referred to as "acid mine drainage" when the potential free acidity exceeds alkalinity and sulfate concentration is greater than 250 milligrams per liter.
It is hypothesized that, as ground water passes through rock strata, chemical reactions with the mineralogy take place; through the reactions the water takes on a unique quality that reflects the combined effects of mineralogy, residence time, and flow system. Of particular importance are reactions that produce and buffer acid.
Purpose and Scope
The purpose of this report is to propose, through geochemical modeling, those reactions between water and host mineralogy that control ground-water quality in the coalproducing area of southwestern Virginia. The work involved collecting rock core samples to define the mineralogical composition of rocks, collecting ground-water samples from springs and wells to document the changes in water quality as ground water moves from higher altitudes to lower altitudes, and collecting surfacewater samples at low base flow to document differences in water quality between a mined basin and an unmined basin. Data were collected during 1981 as part of the U.S. Geological Survey coal hydrology program.
Climate
The average annual temperature is 54°F. The coldest month is January (34.4°F.) and the warmest month is July (76.6°F.). Average annual precipitation is approximately 44 inches. The highest monthly averages are in March (4.0 inches) owing to late winter rains and July (4.2 inches) owing to summer thundershowers. The lowest monthly precipitation occurs in October (2.0 inches) during the driest part of the year. Snowfall averages 20 to 30 inches per year.
Physiography
The study area ( fig. 1 ) is located in Buchanan County, Va., and occupies approximately 4 square miles within the Appalachian Plateau province of southwestern Virginia. The area is characterized by narrow valleys and ridges and steep valley walls. Altitudes range from 1,800 to 2,500 feet above sea level.
Geology
The coal-producing area of southwestern Virginia lies within the Appalachian Plateau province. Rock strata include, in ascending order, the Lee, Norton, and Wise Formations of the Pennsylvania Period. These formations are composed of nearly flat-lying beds of clastic sedimentary rocks including quartzose sandstone, siltstone, shale, clay, and coal. Sandstones, being the more resistant of the strata, form large outcrops along streams and highways and are coated with a brown iron stain. A mantle of weathered material, including thin sandy loam soil, covers the vertically fractured bedrock. Topography is characterized by narrow valleys and steep ridges.
Strata observed in five corings along a ridge within the Norton Formation near Council, Buchanan County, Va. adjacent parts of Kentucky and West Virginia are shown in figure 4. Geologic logs of cores indicate that sandstone makes up slightly more than one-half of the rock. Siltstone accounts for the majority of the remainder; thin shale and clay are associated with individual coalbeds. The Upper Banner, Lower Banner, and Kennedy are the main coalbeds mined in the study area.
Hydrology
Two ground-water flow systems are prevalent in the study area. In one system, water moves under and through the weathered rock or soil layer along the surface of the consolidated rock. This system is tapped by dug wells. These wells exhibit greater fluctuation in water levels than do deeper drilled wells. In the other system, water flows through rock fractures and provides the main source of domestic supply. The strata host a system of perched water tables connected along bedding planes and fractures. Perennial springs issue from sandstones and coals at different altitudes throughout the stratigraphic section.
MINERALOGY OF THE NORTON FORMATION
A continuous core penetrating 960 feet into the Norton Formation was sampled to determined stratigraphy and mineralogy of the study area. A thorough knowledge of the mineralogy is necessary to identify plausible phases to be included in geochemical reaction models. Samples were taken every 10 feet and at each change in lithology. A total of 129 samples were analyzed. Subsamples of each sample were analyzed by x-ray diffraction to identify the most prevalent minerals, by x-ray fluorescence to determine composition by percent metal oxide, by induction furnace to determine percentage of sulfur present, and by thin-section and petrographic microscope to identify cements. Results of x-ray diffraction analyses and sulfur analyses are provided in tables 14 and 15 (at the end of this report).
The predominant minerals, in order of abundance, are quartz, plagioclase, chlorite, muscovite, siderite, and microcline. Calcite is present as a cement and as clasts in some of the sandstone. No limestone strata were present and no gypsum was identified.
Estimates of composition based on x-ray diffraction data and examination of thin sections indicate that the sandstone is about 75 percent quartz, 15 percent plagioclase feldspar, 2 percent potassium feldspar, 2 percent muscovite, 4 percent chlorite, and 1 percent siderite. The siltstone is about 50 percent quartz, 10 percent plagioclase feldspar, 10 percent mica, 20 percent chlorite, and from 0 to 25 percent siderite. Pyrite is associated with some siltstone and coal and, where present, generally is estimated to be less than 1 percent. Total sulfur generally is less than 0.1 percent, but is about 4 percent in the more pyrite-rich layers.
The Norton Formation in Buchanan County was formed from deltaic, and lagoonal, nonmarine sediments (Virginia Division of Mineral Resources, oral commun., 1983) . The amount of pyrite in these strata is, therefore, limited. Pyrite is found, however, in the black siltstones associated with some coal seams and in the coal seams themselves.
Pyritic sulfur in coal is associated with marine sediments of a paralic environment. In these sediments iron is available from oxides, clays, and organics transported from the continent. Sulfur is available from sulfate in marine water. In the paralic environment, water circulation is minimal, thus depleting oxygen within the upper layers of sediment. Sulfate from seawater is reduced in the resulting anaerobic environment and combines, through the action of bacteria, with the iron, which is reduced and mobilized from continental sediments to form pyrite.
Fluvial, deltaic deposits are not conducive to the production of pyrite. The kinetic energy in the fresh surfacewater environment maintains high dissolved-oxygen levels which preclude the reduction of sulfate and ferric iron necessary for the production of pyrite. Some lagoonal areas, however, serve as habitats for pyrite-producing bacteria between floods.
CHEMICAL WEATHERING
Decomposition of rock materials involves a set of geochemical processes known collectively as chemical weathering. Chemical weathering results from the interaction of ground water that contains oxygen and carbon dioxide and specific minerals. The higher the concentration of gases in the water, the more "aggressive" the ground water becomes. Rainwater has a median pH of 5.6 owing to carbonic acid produced as rain that passes through the atmosphere and dissolves carbon dioxide (Paces, 1973) The amount of carbonic acid increases further as water passes through soil, in which carbon dioxide can, as a result of plant respiration and aerobic decomposition of organic detritus, be 300 times that of the atmosphere. When ground water containing high concentrations of carbon dioxide contacts rock, decomposition of some minerals begins. Possible reactions of minerals found in the study area with carbonic acid are described below. These chemical reactions generally tend to lower acidity and raise the pH of ground water.
Silicate Hydrolysis
The weathering action of ground water on silicate minerals involves hydrolysis. This process consumes H + and produces clays, dissolved silica, metal ions (Ca2+ , Mg2+ , Na+ , K + ), and bicarbonate ions. A weathering reaction of plagioclase feldspar (Ab0 70) follows: Nao.7oCao.3oAl, 3oSi2 .7oO8+1 -30CO2 +1.95H2O Oligoclase =>0.65Al2Si2O5(OH)4 +0.70Na + +0.30Ca2+
. (7) (2) Kaolinite + 1.40SiO2 +1.30HCO3 -.
This process produces calcium and sodium ions, dissolved silica, kaolinite, and bicarbonate ions. The reaction consumes hydrogen ions of carbonic acid and produces bicarbonate ions, which increase the alkalinity and pH of the ground water. Hydrolysis of silicates alone can increase ground-water pH to 10.0 (Freeze and Cherry, 1979, p. 279) . Chlorite is another silicate mineral that makes a significant contribution to the ground-water quality of Buchanan County. A weathering reaction of chlorite is shown below. In this reaction, Mg2+ is released, leaving a talc residue.
The talc layer itself may break down further by reacting with additional hydrogen ions. If so, an even larger amount of Mg2+ may be added to the ground water. Ferrous iron, however, can substitute for magnesium in the chlorite structure and, if released, will oxidize to ferric iron, which in turn will hydrolize to produce H + and to lower pH.
The greater the amount of magnesium present relative to iron, the greater the tendency for chlorite weathering to increase alkalinity and pH.
Carbonate Dissolution
Carbonate minerals are present as rock fragments and cementing agents in sandstones of the study area. The dissolution of carbonate minerals releases metal ions (Ca2+ , Mg2+ , Fe2+ ), and bicarbonate ion and raises the pH of ground water. Three carbonates, calcite, dolomite, and siderite, are present in the rocks of the study area. Dissolution of these carbonates in the presence of carbonic acid, is shown by the following reactions:
CaCO3 + H2 In these reactions additional bicarbonate ion is produced from the mineral itself, and this ion adds to the bicarbonate remaining from the disassociation of carbonic acid. These reactions can rapidly increase alkalinity and pH. Carbonate dissolution in the presence of acid produced by pyrite weathering contributes less to alkalinity than does weathering in the presence of carbonic acid.
Calcite
The dissolution of carbonates in the presence of acid produced during pyrite oxidation contributes half as much bicarbonate ion per calcium ion to the alkalinity of the water as does weathering by carbonic acid. Because of this, alkalinity is lower than expected from dissolution of calcite by carbonic acid.
Siderite (FeCO3) is by far the most abundant carbonate in the core samples. Of particular importance is the fact that, during weathering, siderite releases ferrous iron, as follows:
Ferrous iron released subsequently oxidizes (reaction 4) and hydrolizes (reaction 5), releasing H + . The H + produced will be neutralized by the HCO3~ derived from the carbonic acid and siderite. The net effect is that siderite dissolution in the presence of carbonic acid supplies iron to the ground water but does not produce the acidity that the oxidation of pyrite produces.
Sulfide Oxidation
The exposure of iron sulfides (pyrite and marcasite) in the rocks to water and oxygen oxidizes the sulfur and iron, which produces sulfate, ferrous, ferric, and hydrogen ions as well as iron hydroxide precipitate, as follows: In this series of reactions, 4 moles of hydrogen ion are produced from the oxidation of 1 mole of pyrite. Because there is no mineral source of sulfate, the concentration of sulfate in the ground water under oxidizing conditions indicates the amount of pyrite oxidation taking place within the ground-water system.
In the event of oxygen depletion, as can occur in a closed system, the oxidation of sulfide continues by ferric iron already present in the water (Singer and Stumm, 1968) , as follows:
FeS2 +14Fe3+ + 8H2O^>15Fe2+ +2SO42 -+ 16H + . (14) This process contributes additional H + and ferrous iron to the water. This ferrous iron is then a potential source of large amounts of H + in this chemical environment should oxygen again enter the system.
WATER CHEMISTRY
Samples of well water were collected from the wellhead where possible and from pressure tanks. In all cases, the pumps were allowed to run as long as possible before collecting a sample of ground water. Spring samples were collected as close as possible to the fracture or bedding plane from which they issued.
Temperature, pH, conductivity, and alkalinity were determined in the field at the time of collection. Filtering was accomplished using 0.45-micrometer membrane filters. In order to have as accurate as possible a value for dissolved iron for speciation calculations, samples whose analyses were used in geochemical modeling were filtered using 0.1-micrometer membrane filters. Analyses were provided by the U.S. Geological Survey central laboratory in Atlanta, Ga. Carbon-13 and dissolved gas samples were collected and analyzed according to the method described by Thorstenson and others (1979) . Dissolved species activities and mineral phase saturation indexes were calculated using the U.S. Geological Survey computer program WATEQF 1 (Plummer and others, 1978) .
Twenty wells and twelve springs were sampled throughout the strata. Locations of the wells and springs sampled are shown in figure 5 . Analyses of ground-water samples are provided in table 16 (at the end of this report).
The hypothesis that water quality changes from the recharge area at the top of the ridge to the discharge area at the base of the ridge is supported by figure 6. Specific conductance of ground water generally increases from the top of the ridge toward the base of the ridge.
In the scatter diagrams presented in figures 7 and 8, springs, dug wells, and drilled wells in the Grissom Creek basin appear as separate groups. Water from springs is characterized by lower activities of sodium, calcium, and bicarbonate than water from dug wells or drilled wells. Water from dug wells is characterized by higher activity of sulfate than water from drilled wells. Water from drilled wells is characterized by higher activities of bicarbonate and sodium than water from springs or dug wells.
The separation of points in figures 7 and 8 into groups suggests that water quality in springs, dug wells, and drilled wells may have separate histories of formation. Springwater tends to have lower constituent activities because of shorter residence time in the rock. One spring (14ES5), found near a valley bottom, contains water similar in composition to springs near the ridgetop. This spring apparently contains water that moves quickly through fractures to the lower altitude.
Water from drilled wells is characterized by greater dissolved solids than is water from springs or dug wells, indicating a longer residence time. Greater activities of sodium resulting from ion exchange in water from drilled wells also indicate a longer residence time.
Water from dug wells exhibits lower activities of sodium and bicarbonate ions than does water from drilled wells. This water apparently flows through the weathered soil zone overlying bedrock and has a shorter residence time than water found in drilled wells.
All water samples fall within the kaolinite stability field when plotted on activity diagrams (figs. 9-11). Kaolinite, then, is considered the stable phase formed during hydrolysis of feldspars.
MINERAL-WATER RELATION
A geochemical reaction model is an attempt to state what reactions between mineralogy and water have occurred and the extent to which these reactions have proceeded. In this report, each model developed is a listing of solid phases and numerical values for the amount of each phase breaking down chemically or precipitating within the system being modeled.
Mass-balance calculations, when combined with speciation calculations, are a useful tool for defining the possible reactions affecting water chemistry (Plummer and others, 1983) . Mass balance is a technique that accounts for masses of reactants and products in a chemical reaction. 
'WATEQF is an acronym for WATer EQuilibrium. Fortran.
Many combinations of reactant and product phases, if combined with the observed water chemistry, may appear plausible. The number of these combinations, however, can be . Relation of ground water sampled in the study area within the stability fields of anorthite, gibbsite, kaolinite, and Ca-montmorillonite at 25°C and 1 atmosphere (modified from Tardy, 1971) . . Relation of ground water sampled in the study area within the stability fields of albite, gibbsite, kaolinite, and Namontmorillonite at 25°C and 1 atmosphere (modified from Tardy, 1971) .
limited by identifying mineral phases present, conserving electron transfer, maintaining isotope mass balance, and observing equilibrium thermodynamics. In this study, a mass-balance approach using the U.S. Geological Survey computer programs WATEQF (Plummer and others, 1978) and BALANCE2 (Parkhurst and others, 1982) is used in developing geochemical models to define the relation between mineralogy and the observed water chemistry.
WATEQF is used to determine activities of dissolved chemical constituents and to calculate the saturation indexes (SI) of plausible mineral sources of and sinks for chemical constituents. The SI indicates whether a mineral will be dissolving or precipitating in the water analyzed.
where IAP is the ion-activity product of the mineral-water reaction and K is the equilibrium constant for the mineralwater reaction. IF SI is less than zero, the water is considered undersaturated with respect to the mineral and the mineral, if present, should be dissolving. If SI equals zero, the water is considered in equilibrium with respect to the mineral. If SI is greater than zero, the water is considered supersaturated with respect to the mineral and the mineral should be forming.
BALANCE is used to quantify chemical reactions between ground water and sets of mineral phases. This program solves a set of simultaneous equations comprising a mass-balance equation for each constituent in the water analysis such that the number of constituents equals the number of phases. These equations ensure a mass balance in models presented so that no constituent is created or lost in the modeling process. According to Plummer and Back (1980) , mass balance consists of the following relationship of n equations: (17) where $ is the total number phases (minerals and gases) in the mass-balance reaction, n is number of constituents in the water analysis, a, is the coefficient of they'th phase in the mass-balance reaction, 3f; is the stoichiometric coefficient of the cth constituent in the y'th phase, and Amf is the observed change in moles/kilograms H2O of the cth constituent (final solution minus initial solution). If the number of constituents (n ) is less than the number of phases (<£) (as in this study), there is no unique definition of the relation between phases and water chemistry, and multiple models must be examined.
Ideally, when constructing a geochemical reaction model, one would find a unique valid combination of minerals that, when reacted with water, will yield the observed water chemistry. Realistically, however, one can strive only to eliminate as many possibly valid combinations of phases as possible through the use of thermodynamic calculations 2BALANCE is so named because it maintains a mass balance within the chemical system. Figure 11 . Relation of ground water sampled in the study area within the stability fields of muscovite, gibbsite, kaolinite, and microcline at 25°C and at 1 atmosphere (modified from Tardy, 1971) . and isotope data. It is stressed that other models not considspring located near the ridgetop provides water chemistry ered in this study may represent the chemical system as from the recharge area. This water is used as the initial water well.
SiO2 , IN PARTS PER MILLION
in determining the effects of mineralogy on water chemistry To investigate the possible chemical reactions taking as water moves downgradient away from the ridgetop. place in ground water underlying the ridge, three sampling
Water from a well finished in bedrock on the hillside reveals sites were selected for close examination. Water from a the effects on water that has passed through much of the Table 2 . Chemical analyses of water from the spring and wells used in geochemical reaction models.
[ (18) where / is the total number of species in solution, mi is the molality of the /th species in solution, and v( is the operational valence of the species. For a detailed discussion of operational valence, see Plummer and others (1983) . Redox state (RS) values for each water are given in table 3.
The results of speciation calculations by WATEQF (Plummer and others, 1978) are also shown in table 3. Included are saturation indexes for selected minerals shown dissolving or forming in the models proposed.
Plausible phases for inclusion in geochemical reaction models are selected from mineralogical analyses (table 14) of rock from core hole 2 (figs. 2, and 3). Six sets of phases considered possible models in this study are shown in table 4. In all six sets of phases, potassium in the water is derived from K-feldspar, magnesium from chlorite, and silica from K-feldspar and chlorite. Silica is precipitated as chalcedony and kaolinite, and aluminum is precipitated as kaolinite.
In addition to these phases common to all models presented, combinations of other phases, which provide sources of sodium and source/sinks of calcium, are included. In phase sets 1 and 4, sodium in the water is derived from plagioclase while calcium comes from both plagioclase and calcite. In phase sets 2 and 5, sodium is derived from both plagioclase and cation exchange while calcium comes from plagioclase and is lost through cation exchange. In phase sets 3 and 6, sodium is derived from cation exchange while calcium comes from calcite and is lost through cation exchange. In phase sets 1,2, and 3, dissolved iron is derived from pyrite while carbon comes from carbon dioxide gas. In phase sets 4, 5, and 6, dissolved iron is derived from both siderite and pyrite while carbon comes from siderite only. To model the ground-water chemistry, all phase sets must be considered and more than one may be plausible.
In the models presented, the concentration of sulfate indicates the amount of pyrite that has oxidized and thereby defines the contribution of pyrite to the dissolved iron concentration. During the oxidation of pyrite, 1 mole of iron is produced for every 2 moles of sulfate ion produced.
Ridgetop Spring
Discharge from spring 14ES3 at an altitude of 2,540 feet above sea level is typical of ground water flowing from springs located near the top of the ridge and represents water nearest the recharge area. In modeling chemical reactions in the ridgetop, water from the spring is considered the final water and pure water is the initial water for mass-balance calculations. Table 5 presents the results of mass-balance calculations using the phase sets (table 4) appropriate for the springwater. Each numbered column is a separate reaction model. The numbers in the columns indicate the amount of each phase (ctj) in moles x 10~3 (millimoles) entering the water ( + ) or leaving the water ( ) per kilogram of water. Models 2 and 3 are consistent with calculated saturation indexes in table 3, and both may accurately represent the chemical system. The more likely situation is that some combination of both is required. Relative contributions of the two models cannot be defined with the data available. Model 1 is disregarded because it requires the precipitation of calcite and, according to WATEQF, the water is undersaturated with respect to calcite. Siderite is not considered a source of carbon to the springwater because siderite is not present in the strata near the ridgetop and is therefore not included in the reaction models for the spring.
Hillside Well
To define the effect of rock strata on water passing farther down through the strata, the water from the spring (14ES3), located near the top of the ridge, is used as the initial water. Water from well 14E24 (figure 3), located on the side of the ridge at an altitude of 2,100 feet above sea level, is used as the final water. Table 6 provides results of mass-balance calculations according to speciationcalculation results (table 3) for each of the six phase sets shown in table 4. Models 1, 3, 4, and 6 are thermodynamically valid, and any one or combination of more than one may represent the system. Models 2 and 5 are disregarded because they require that ion exchange be a source of calcium and a sink for sodium. Cation exchange is thought to be a source of sodium and a sink for calcium since divalent cations bond more strongly to exchange sites than monovalent cations. The activity of sodium increases along the flow path, while the activity of calcium decreases, which further supports the idea of cation exchange. This is shown by the following relation:
Ca2+ +2Na+P =Ca2 ++2Na + .
(19) .4300
Further reduction in the number of valid models can be accomplished if both sources of carbon (CO2 and siderite) are included in the same model. This, however, can be done only if the relative contributions of the two carbon sources can be calculated. Knowledge of the 8 13C of soil gas, siderite, calcite, and ground water satisfies this requirement. The 8 13C values for calcite, siderite, and water samples were determined from samples collected in the study area, and values are provided in table 2.
Accurate values for 8 13C of soil gas are particularly difficult to obtain. These values change dramatically with the changing seasons and corresponding changes in temperatures, soil moisture, and plant growth activity (Rightmire, 1978) . In this study, the 8 13C for CO2 entering the ground water is calculated on the basis of the observed 8 13C of the springwater. This calculation is accomplished using a massbalance approach which determines the 8 13C in the soil gas required to give the springwater its observed 8 13C value. The calculation is as follows:
where ACO2 is the amount of CO2 entering the water in model 2 (table 5) and Acalcite is the amount of calcite dissolving in model 2 (table 5) . If calculations are made on the basis of model 3 (table 5) , the other valid model for the spring, the 8 13C of CO2 entering the system would be identical to that found in the water because CO2 is the only source of carbon for model 3 (table 5) . In model 2 (table 5) , calcite (8 13C= 5.25%o)3 is dissolved and calculations yield a lower value for 8 13C for CO2 gas. Because of the presence and high reactivity of calcite, this lower value ( 20. l%o) is considered the more realistic value. The relation between the 8 13C of the ground water in the hillside well and the amounts of each phase dissolving, including the two carbon sources, is as follows: (21) ground water (Acalcite x-5.25)+(Asiderite x+5.75)+(Ac02 X-20.1) Qotal where Acalcite , Asiderite , and Aco are the amounts of each phase entering the ground water. Table 7 gives data for the reaction models calculated by means of carbon isotope data. These models reduce the number of models by simultaneously including both sources 3The symbol 5 indicates the relative difference in concentration, in units of per mil (%0). 5 13C=(Ratio of sample/Ratio of standard-l)x 1,000. The standard used is the PD Belemnite. .5654
of carbon (siderite and CO2). Model 9 is disregarded because it requires that ion exchange be a source of calcium and a sink for sodium. The number of valid models is now condensed to two. Model 7 derives much of the calcium and all the sodium from plagioclase. Model 8 derives all the calcium from calcite and all the sodium from ion exchange. The abundance of plagioclase in the rock supports model 7, whereas the solubility of calcite and the abundance of clay and carbonaceous material for ion exchange in the rock support model 8. Both models are thermodynamically valid, and some combination of the two probably best represents the system. The relative contributions of the two, however, cannot be defined by the available data.
Valley Well
Water representing the end of the local flow system is from well 14E8 (figure 3), located in the valley at a landsurface elevation of 1,800 feet. Water from the ridgetop spring (14ES3) is used as the initial solution in models presented. Table 8 provides results of mass-balance calculations for each of the phase sets presented in table 4. Results of speciation calculations for water from the valley well (table 3) are used in these models. .3970
Models 1 and 4 are disregarded because they require the precipitation of calcite, and, according the WATEQF, the water is undersaturated with respect to calcite. This narrows the number of plausible models to four. To further reduce the list, as with the hillside well, stable carbon isotope data are used. Table 9 presents the results when carbon isotope data were included in the mass-balance calculations. The number of valid models is reduced to three by combining both sources of carbon (siderite and CO2). Model 9 is disregarded because it requires the precipitation of calcite, and, according to WATEQF, the water is undersaturated with respect to calcite. The system is probably best represented by a combination of models 7 and 8. The relative contribution of these two models is not defined. All models show chlorite to be precipitating. Although this is not likely, thermodynamically, magnesium is probably being removed from the ground water by cation exchange, or by entering the crystal lattice of a clay phase that may be forming.
EVOLUTION OF WATER CHEMISTRY IN THE NORTON FORMATION
Water enters the ridge, reacts with plagioclase, chlorite, calcite, pyrite, and siderite, and leaches Ca2+ , Mg2+ , Na+ , SO42~, HCO3~, and Fe2+ from the minerals present. Under oxidizing conditions, the iron precipitates as a ferric hydroxide on rock surfaces. This solid phase is readily seen in core samples containing the upper weathered zone or containing fractures through which water has traveled. The net result is a moderately hard calcium-magnesium bicarbonate water. If the concentration of iron sulfides in the rock were greater, one would expect a calcium-magnesium sulfate water, like that found in springs flowing from strata associated with coal seams (Rogers and Powell, 1983) .
Water passing down through the strata to the lower altitudes is affected by cation exchange, removing calcium and, perhaps, magnesium and yielding a soft sodium bicarbonate water. The removal of calcium and magnesium from the system can be seen by comparing the values for calcium and magnesium in table 3 for the hillside well and the valley well. Acidity produced by oxidation of pyrite (reaction 13) is buffered by HCO3~ produced by the reaction of CO2 with plagioclase (reaction 2) and the dissolution of calcite (reaction 6). Furthermore, water in the deeper strata becomes deficient in oxygen. Thus, iron and sulfate may be removed from ground water by formation of iron-sulfide minerals. This is seen in the water analysis (table 3) where the activities of iron and sulfate in the downgradient valley well are lower than those in the hillside well. A slight odor of hydrogen-sulfide gas in the valley well indicates that some sulfate may be reduced to form hydrogen-sulfide gas. Methane gas found in the ground water is thought to originate in the underlying Mississippian strata known to contain methane. It is possible, however, that some methane is produced in the ground water under reducing conditions. Further work is required to identify the sources of the gases.
COMPARISON OF WATER CHEMISTRY WITHIN UNMINED AND MINED BASINS
The study area includes both a mined and an unmined small basin ( fig. 5 ). Because ground water is not available from wells in the previously mined basin, a technique is presented in this study that uses quality of water from low base flows. This approach attempts to show the changes in reactions that occur as a result of disturbance by mining.
Chemical data for water collected at sampling sites in unmined Grissom Creek and mined Barton Fork basins (figure 5) are provided in table 10. The results of speciation calculations are shown in table 11. Stable-isotope data are not available for water from Grissom Creek or Barton Fork to define the role of siderite in models. The amount of dissolved iron in the water does not exceed that attributable to pyrite oxidation (AFe2+^ASO42~); therefore, omission of siderite from the models causes no significant problems such as dissolution of goethite as a source of iron that cannot be attributed to pyrite.
To assess the overall effects of weathering reactions on water within the unmined Grissom Creek basin and the mined Barton Fork basin, water samples were collected at low flow. Grissom Creek drains an area of 2.8 square miles. The water collected represents an integration of all ground water flowing from the strata in the Grissom Creek basin.
Barton Fork drains a basin of 1.2 square miles; 20 percent of the basin has been disturbed by surface mining since 1970. There appears to have been no attempt at reclamation. The water collected at low flow represents an integration of all ground water flowing from the strata within the Barton Fork basin.
Results of mass-balance calculations using results of speciation calculations for Grissom Creek and Barton Fork at low flow are presented in table 12. Pure water is used as the initial water and samples at low flow are used as the final water. Both models 1 and 3 are thermodynamically valid. Model 2 is disregarded because it requires ion exchange to be a source of calcium and a sink for sodium.
A comparison of the amounts of mineral weathering of selected phases in the unmined and mined basins as tabulated in table 13 shows the chemical increases that occur in the mined basin as a result of surface-mining activities. The amount of weathering is shown as the amount of mineral phase dissolved in the water per kilogram of water. There is a dramatic change in the relative amount of each mineral listed.
The increase in the amount of weathering of minerals demonstrates the effect of increased mineral-surface area resulting from surface-mining activities. The increase in storage capacity of the host material and the corresponding increase in residence time for the ground water also contribute to the differing amounts of weathering observed in the two basins. The 647 percent increase in pyrite weathering is by far the largest increase among weathering reactions. The slight depression of the pH in Barton Fork (table  10) indicates that the buffering capacity present is sufficient to neutralize the acidity produced by the concentration of reactive pyrite present in the strata involved.
EFFECTS OF MINES ON GROUND-WATER QUALITY
The dramatic increase in pyrite weathering suggested by mass balance in the mined basin indicates that deterioration of water quality may occur from mining practices. A question to be addressed is, To what extent can the water quality be affected? With the computer model PHREEQE4 (Parkhurst and others, 1982) , it is possible to carry out the geochemical processes obtained from the mass-balance calculations to some evolutionary limits. In this case, formation of gypsum (CaSO4 -2H2O) and calcite (CaCO3) saturation are considered the controls limiting the activities of calcium and sulfate.
In the reaction model, if one (1) begins with chemically pure water, (2) allows the water to equilibrate with the atmosphere before reacting with the mineralogy, (3) allows an unlimited amount of oxygen to enter the system, (4) allows an unlimited amount of time to pass, (5) chooses a temperature of 20°C., and (6) allows the weathering reactions to take place until the water is saturated with respect to gypsum, calcite, goethite, and pyrite, then the activity of calcium will reach 18.52 millimoles per kilogram (745 milligrams per liter), sulfate will reach 13.33 millimoles per kilogram (1,280 milligrams per liter), and iron will reach 0.003 millimoles per kilogram (167 micrograms per liter). All these conditions can be met by an unreclaimed spoils pile. Three important water-quality parameters sulfate content, hardness, and dissolved solids content will be increased beyond recommended limits. This scenario, however, does not include the effects of cation exchange on water chemistry. With the introduction of cation exchange, calcium is removed and replaced by sodium and equilibrium with respect to calcite is disrupted. As long as ion exchange can remove calcium from the water, calcite dissolution will continue unhindered. The result of this process is a water rich in sodium, deficient in calcium, rich in bicarbonate, and high in dissolved solids. The activities of dissolved constituents in the final solution will be limited by the availability of calcite and the cation exchange capacity of the ion exchange material present.
If oxygen were depleted in the ground water below the recharge area, which would yield a reducing environment, iron and sulfate levels would be lowered. Iron may be precipitated as iron sulfide. Sulfate may be depleted by the formation of iron sulfides or hydrogen-sulfide gas. In a reducing environment with high bicarbonate activity, dissolved ferrous iron may be lost through the precipitation of siderite. 
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SUMMARY AND CONCLUSIONS
The Norton Formation of Buchanan County, Va., is composed of deltaic, and lagoonal, nonmarine sediments. Strata observed in five cores within the Norton Formation demonstrate that the strata of the study area are composed of sandstone, siltstone, shale, clay, and coal. Predominant minerals include quartz, plagioclase feldspar, potassium feldspar, muscovite, chlorite, siderite, and calcite. Sulfur content of the rock is generally very low, less than 0.1 percent.
Water contacting reactive minerals is affected by hydrolysis of the silicates, dissolution of carbonates, oxidation of pyrite, and cation exchange. The interaction of the mineralogy and ground water is modeled using the mass-balance approach, which uses the U.S. Geological Survey computer programs WATEQF and BALANCE. Carbon-isotope data allow the inclusion of more than one carbon source in a model, reducing the number of possible models from six to three. The three reaction models developed account for the observed water chemistry. The models derive sulfate from pyrite, iron from pyrite and siderite, calcium from plagioclase and calcite, sodium from plagioclase and cation exchange, magnesium from chlorite, and carbon from carbon dioxide, calcite, and siderite. A moderately hard calciummagnesium bicarbonate water is found within the upper strata. Water passing down through the strata to the lower altitudes is affected by cation exchange, yielding a soft sodium bicarbonate water.
In the upper strata where oxygen is present in the water, pyrite oxidizes to release dissolved ferrous and sulfate ions. In the lower strata where oxygen is lacking in the water, pyrite appears to be precipitating.
A comparison of water quality in adjacent unmined and mined basins reveals dramatic increases in the amounts of minerals weathering. The effects of surface mining activities appear to increase the rate of pyrite oxidation over 600 percent relative to the rate of weathering in the unmined basin.
Using the U.S. Geological Survey computer program PHREEQE, the geochemical processes were allowed to proceed until precipitation of gypsum and calcite limited the activities of calcium and sulfate. In this process, three important water quality parameters sulfate content, hardness, and dissolved solids content will be increased beyond the limits for drinking water recommended by the Environmental Protection Agency (1973) . 63.5 
METRIC CONVERSION FACTORS
For readers who prefer to use International System of Units (SI), conversion factors for terms used in this report are listed below:
Multiply 
